California fault system. The Upper Gulf of California (or Upper Gulf) is the semi-enclosed shallow northern end of the Gulf of California, northward of latitude 31° N (Figure 1 ). Interest in studying this shallow area is due to its unique oceanographic and tectonic character. It shows inverse estuary conditions and fast tidal currents due to large amplitude semidiurnal tides. Its sedimentary regime has undergone drastic changes after damming of the Colorado River and, since 1994, it has been a protected ecological reserve area. The Upper Gulf is surrounded by arid alluvial plains, piedmont deposits, and the Colorado River Delta and estuary to the north (Figure 2 ). Its seaward limit is roughly defined by the 40 m isobath, where the Gulf is ~70 km wide, near the edge of the 200 m deep Wagner Basin.
Morphologic and dynamic aspects such as continuity and stability of tidal ridges in the Upper Gulf of California, as well as their link to tectonic process, are still a matter of conjecture (Gorsline, 1967; Geehan, 1978; Huthnance, 1982; Carbajal and Montaño, 2001 ). The present work aims at advancing our knowledge of these topics based on a description of recent bathymetry, tidal dynamics and seismic records. Furthermore, a classification of the ridge-trough system of the Upper Gulf of California is proposed for the first time, based on recent sand bank taxonomy (Coleman and Wright, 1975; Belderson et al., 1982; Dyer and Huntley, 1999) .
Sediments and seabed morphology
Until 1935 the Colorado River was the main source of terrigenous sediments that formed extensive delta deposits which are now in a destructive stage by hydrodynamic forces (Thompson, 1969; Carriquiry and Sánchez, 1999) . The bathymetric relief of the Upper Gulf was first described by Thompson (1968) , based on a limited number of sounding lines made mostly on the western side. Two morphologically distinct zones were described: (a) a uniform gentle sloping plain on the western side, off Baja California, in 4-12 m water depths, with slopes averaging ~0.05° (~10 -3 ) to the eastsoutheast, and (b) an eastern section characterized by irregular morphology dominated by low tidal ridges separated by flatbottomed troughs. In the central part of the Upper Gulf the ridges average 8-9 m in vertical relief and are separated ~6 km. Some ridges are roughly symmetrical in profile while others are asymmetrical, with their steepest side facing westward, up to 2°-3° (Meckel, 1975) . The broadly spaced sounding lines were insufficient for establishing continuity of the ridges, some of which were though to extend for at least 30 km, and aligned NW-SE, parallel to the along-gulf direction. The ridges appear to have shifted laterally in response to changes in the river mouth and seaward progradation of coastal deposits. The lateral migration has not been well documented in modern times (Meckel, 1975) .
The ridges compare closely with the tidal current sand banks described by Off (1963) , also referred to as linear sand banks (Huthnance, 1982) , tidal current ridges (Stride, 1982) , or linear tidal ridges (Coleman and Wright, 1975) . These quasi-periodic bed forms occur in shallow seas with adequate supply of sandy sediments and intense tidal currents, between 0.5 and 2 m s -1 . In a theoretical study, Montaño (1999, 2001) have proposed that the sand banks of the Colorado River Delta are formed by interaction of the sea bed with tidal currents and the earth's rotation. The calculated sand bank wavelengths were 2 -7 km, oriented 20° counter-clockwise from the modeled tidal current axis, in agreement with the sand bank morphology described by Thompson (1968) .
A gross distribution pattern of surface sediments shows a sandy eastern side (83.4% fine to medium sand, 10.1% silt and 6.2% clay) off Sonora, in contrast with a muddy western side (7% fine sand, 39% silt and 54% clay) off Baja California. Such distribution reflects different dispersal paths of the fine and coarse fractions supplied early by the Colorado River. Fine sand with shell fragments have been found on higher ridges; whereas, finer silts and clays have been found on lower ridges, ridge slopes and flat intervening troughs. Recent mud accretion is restricted to the inter-tidal and sub-tidal flats (depocenter) in the western gulf and to the deeper Wagner Basin (Thompson, 1968; Carriquiry and Sánchez 1999) .
Structural framework of the Upper Gulf of California
The most obvious characteristic of the Gulf of California is its linearity expressed by features of various scales. These features form straight steep escarpments of different lengths and are bound by deep depressions or basins distributed along the Gulf from the latitude of the East Pacific Rise to the Colorado River Delta (Figure 1 ). The Upper Gulf of California is bordered by the Colorado River Delta, resting on the floor of the Sonora Desert province and forming a barrier which restricts the free circulation of oceanic water over the Salton trough and Mexicali Valley depression. The structural framework of this area is very simple to the east, over the Sonora desert and coast; nevertheless, to the west along the margin of the Baja California peninsula the framework is more complex, and consists of folded blocks bounded by detachment, strike slip and normal faults of complex origin (Rusnak et al., 1964; Axen and Fletcher, 1998) (Figure 2 ).
In the Upper Gulf the Pacific-North American plate boundary is located within the Colorado River Delta and includes the Wagner Basin and the Consag Rock, which are bounded by active transform faults that are part of the plate boundary (Biehler et al., 1964; Thatcher and Brune, 1971; Suárez-Vidal et al., 1991; Axen and Fletcher, 1998; Aragón-Arreola and Martín-Barajas, 2007) .
According to Rusnak et al. (1964) , in the northern gulf, the shallow floor dips gently offshore and southward with no obvious shelf-break, and with only three evident small elongated depressions evident on the floor. Two of these depressions are aligned off the Colorado River Delta and probably mark the old river course during the last Pleistocene low stand of sea level. Dauphin and Ness (1991) believed that these depressions could be an expression of an active tectonic feature, such as a closed basin oriented roughly NE that is presumed to be a spreading center, and the elongate NW trending bathymetric lines which apparently connect the basins are actually the trace of transform active faults ( Figure  1) .
Even though individual faults of the San Andreas-Gulf of California system cannot be delineated in the Upper Gulf, the alignment of epicenters is clear evidence of the existence of these faults (Figure 3) . Geehan (1978) has suggested that the most prominent tidal current ridges in the Upper Gulf might be structurally controlled, since the epicenters of an earthquake swarm were located along this ridge. This seismic event was ascribed to shallow, normal faulting.
Some of the faults extend inland and connect the Wagner Basin with the active spreading center in the Mexicali- (Kovach et al., 1962) .
The Cerro Prieto Fault extends from the Cerro Prieto geothermal field to the Gulf of California, connecting the Wagner and Cerro Prieto basins ( Figure 2 ). The trace is clear from Mesa de Andrade and along the west coast of Sonora into the gulf tidal flats (Biehler, et al., 1964) (Figure 2 ).
According to Ness and Lyle (1991) (Figure 3) , and from Thatcher and Brune (1971) (Figure 6 ). Current observations using lagrangian tracers, current meters and one acoustic current profiler provided basic tidal current statistics at opposite sides of the Upper Gulf. Current measurements are described further in Alvarez (2003) , and Alvarez and Jones (2004) , and the seismic reflection data is from Petróleos Mexicanos (PEMEX) as part of the San Felipe-Tiburón prospect (Pérez-Cruz, 1982; Aguilar-Campos, 2007) . Near surface currents attained 0.7-0.9 m·s -1 in spring tides and reflect the dominant semidiurnal tidal forcing. The mean speed near the sea bed was 0.17 -0.29 m·s -1 . The principal axes of the oscillatory currents were oriented within a narrow bearing range at the four sites (307°-327°), nearly parallel to the ridge and trough system, as shown in Table 1 . The principal axes at four observation sites are shown superimposed on the bathymetric map in Figure 5 .
Superposition of seismic activity epicenters on the recent bathymetry ( Figure 6) show two parallel linear trends that coincide with the two prominent ridge-trough features of the sea bed. The remarkable match of epicenters near ridge C correspond to a seismic swarm recorded on March 20-28, 1969, and the location match with the trace of some of the faults identified in the reflection seismic lines (Figure 7 ; Aguilar-Campos, 2007; González-Escobar, et al., in press Latitude N (degrees) Figure 5 . Currents at C1 and C2 were observed during one and four semidiurnal cycles, respectively. At sites C3 and C4 the observations were made during one fortnightly cycle.
Discussion

4.
Large, linear offshore tidal ridges are typical of deltas debouching into narrow restricted depositional basins with low wave energy and high tidal range, such as the Upper Gulf of California (Coleman and Wright, 1975) . With regard to sand distribution models, the Colorado River Delta corresponds to a delta with fingerlike protrusions of channel sands, and numerous linear offshore sand bodies that represent deposition by tidal action (Coleman and Wright, 1975) . Tidal ridges in other seas are up to 50 km long, 6 km wide and 40 m high, with maximum flank slopes of 4° to 6°. The ridges are in general aligned oblique to the direction of peak tidal flow by a small angle, but reach as much as 20° (Stride, 1982) . The ridges observed in the Upper Gulf are oriented 3°-7° clockwise from the principal tidal current axis.
It has been suggested that, in the northern hemisphere, tidal ridges maintain their shape if they are aligned counterclockwise by a small angle (8°-15°) relative to the major axis of the tidal current (Zimmerman, 1981) . The theoretical study by Carbajal and Montaño (2001) on sandbank generation in the Colorado River Delta obtained a sandbank offset of 20° counterclockwise from the axis of the modeled tidal current. The reported sandbank orientation and spacing (wavelength ~4 km) in water depth of 10 m agreed well with those described by Thompson (1968) . However, the new bathymetry shows that ridges in depths greater than ~15 m, on the western half of the Upper Gulf, are almost parallel or slightly clockwise from the main axis of the observed currents, as shown in Table 1 . This difference suggests that the model proposed by Carbajal and Montaño (2001) does not apply to the whole region of ridge-trough topography but only to the shallow (<15m) northern end of the Upper Gulf, where the required bed load sand supply is available for active tidal ridge formation and maintenance. Furthermore, clockwise offset of ridges relative to the current axis observed in the Upper Gulf has also been reported in at least one major linear bank in the North Sea (Dyer and Huntley, 1999 Gulf (20-30 m), Carbajal and Montaño (2001) obtained an increased ridge offset of 30°-35°, counterclockwise from tidal currents at 0.5 m·s -1 , which prevail at these depths. This discrepancy indicates that the observed prominent ridges having crests at depths near 25 m do not represent active tidal sandbanks as do those described by Carbajal and Montaño (2001) in shallower water. Further evidence of the relict character of the ridges is the sand fraction present in samples of surface sediments: Thompson (1968) reports 44-74% sand in samples from ridge flanks. According with Van Andel (1964) , sediments from water depths of 27-40 m near the edge of Wagner Basin contain 70-89% sand (Figure 8) . Equilibrium between present conditions and sediment texture would require bottom current velocities of 0.3-0.4 m·s -1 for the transport of sediments with particle size 2.25Ф to depths of 135 m. This velocities appear impossible in a wide basin with short fetch, such as in the northern Gulf of California. Other features located off the western shore, such as sub-tidal terraces located 12-15 m underwater and erosive notches at similar depths, have been interpreted as surface developed at lower sea level. This level corresponds to a temporary still stand before the Wisconsinian sea level rise ~8000 years B. P. (Thompson, 1968) .
Based on the textural distribution of sediments, sea bed morphology and hydrodynamic conditions, the classification by Stride (1982) for the sand banks in north European seas was applied to the tidal ridges of the Upper Gulf. As shown in Figure 9 , it is proposed that a single ridge may show segments pertaining to different classes:
(1) Active ridges which are dynamically maintained by the present tidal current regime, restricted to the shallow north part of the Upper Gulf where depths are less than ~15 m, currents are fast, and bed load sands are abundant. Here, a vertically averaged hydrodynamic numerical model yielded current amplitudes exceeding 0.5 m·s -1 due to the M2 tide (the largest semidiurnal harmonic constituent), and current direction similar to that observed at sites C1-C4.
(2) Moribund ridges, represented by the deeper segments with crests at depths down to ~40 m, where the M 2 tidal currents are at present less than 0.5 m·s -1 . (3) Burial stage ridges, a condition that follows after the moribund stage, such as ridges on the western side of the Upper Gulf, off Baja California, where they have been partially covered by silt and clay deposits. All the ridges are thought to have developed as continuous structures resulting from marine transgression that left behind older segments of the tidal sand ridges. The reported high sand content in samples from deeper sections of the ridges provide evidence of the relict bed load sand deposits formed during lower sea level stages.
According to Huthnance (1973) the sand bank orientation that eventually predominates may be susceptible to external influences such as the trend of the coastline. It has been shown that differential erosion of the sea bed reflects the strikes of the fault lines over wide areas (Belderson et al., 1982) . The linear trends of microseismic epicenters near the two prominent ridges shown in Figure 6 support this idea. Interaction with tides is thought to involve erosion linked to active fault lines along which preferential sediment erosion occurred. This process is more efficient because tidal currents are almost parallel to the trend of the ridge-trough system. The proposed role of tidal currents preserves the old erosive features such as the steeper walls of the troughs next to the two largest ridges.
Active faults, bathymetry and seismicity
Recognizing active faults within the Upper Gulf of California is complicated. Through the combination of high resolution bathymetry, seismic reflection, and with the known seismicity in the area it is possible to delineate the trace of active faults. Based upon the high resolution bathymetry (Figure 4 ), seismicity records from Thatcher and Brune (1971) and RESNOM ( Figure 3 ) and a PEMEX seismic reflection section (Figure 7 ) it is also possible to trace some of the active faults that bound the Wagner Basin, as well as those formed by the extensional regime within the basin and described by Persaud et al. (2003) . The location of two major tidal ridges within the Upper Gulf may be influenced by tectonic activity. The superposition of bathymetry, earthquake epicenters and faults delineated from seismic reflection profiles suggest that the two more prominent ridge-trough systems (C, D in Figure 6 , 8) represent a surface signature of active geologic structures and reflect the geometry of the basement within the Wagner Basin. The notion that bottom relief is a surface manifestation of the tectonic activity is supported by the new data set presented here. It stands as further indirect evidence pending subsurface mapping of the Upper Gulf seafloor, a survey that should be encouraged.
Conclusions
5.
Recent bathymetric data show a system of nearly parallel ridges and troughs that dominate the sea bed relief of the Upper Gulf of California, some of which can be traced for up to 50 km. Morphologic, sedimentary and hydrodynamic evidence indicate that ridges off Baja California are in a burial phase, while those at the north end, in water depths less than ~15 m, are still active ridges under the present tidal currents and bed load transport regime. Deeper portions of the ridges are thought to be in moribund stage, remaining as relict features formed during lower sea level stages. While the tidal origin of the ridges is clear, the location of two outstanding ridge-trough systems revealed a combined hydrodynamic, sedimentary and tectonic origin based on superposition of bottom relief, microseism epicenters and delineation of faults from seismic reflection profiles.
